Abstract CO 2 (de)hydration (i.e., CO 2 hydration/HCO 3 À dehydration) and (de)hydroxylation (i.e., CO 2 hydroxylation/HCO 3 À dehydroxylation) are key reactions in the dissolved inorganic carbon (DIC) system. Kinetic isotope effects (KIEs) during these reactions are likely to be expressed in the DIC and recorded in carbonate minerals formed during CO 2 degassing or dissolution of gaseous CO 2 . Thus, a better understanding of KIEs during CO 2 (de)hydration and (de)hydroxylation would improve interpretations of disequilibrium compositions in carbonate minerals. To date, the literature lacks direct experimental constraints on most of the oxygen KIEs associated with these reactions. In addition, theoretical estimates describe oxygen KIEs during separate individual reactions. The KIEs of the related reverse reactions were neither derived directly nor calculated from a link to the equilibrium fractionation. Consequently, KIE estimates of experimental and theoretical studies have been difficult to compare. Here we revisit experimental and theoretical data to provide new constraints on oxygen KIEs during CO 2 (de)hydration and (de)hydroxylation. For this purpose, we provide a clearer definition of the KIEs and relate them both to isotopic rate constants and equilibrium fractionations. Such relations are well founded in studies of single isotope source/sink reactions, but they have not been established for reactions that involve dual isotopic sources/sinks, such as CO 2 (de)hydration and (de)hydroxylation. We apply the new quantitative constraints on the KIEs to investigate fractionations during simultaneous CaCO 3 precipitation and HCO 3 À dehydration far from equilibrium.
INTRODUCTION
Information on past environments is recorded in carbonate minerals precipitated out of isotopic equilibrium, and not only in those that precipitated in equilibrium. With an understanding of disequilibrium isotopic composition, these may be treated as a complementary archive, rather than as an obstacle to reconstructions of past climate and hydrology (Wefer and Berger, 1991; Weiner and Dove, 2003; Lachniet, 2009; Wong and Breecker, 2015) .
In fact, isotopic equilibrium is a unique and rare state among the multiple alternatives of non-equilibrium states. Recent studies indicate the difficulty, or even infeasibility, of proving isotopic equilibrium during precipitation of carbonate minerals both in nature and in the laboratory (Coplen, 2007; Dietzel et al., 2009; Tremaine et al., 2011; Watkins et al., 2013; Kluge et al., 2014a) .
Disequilibrium isotopic compositions in carbonate minerals are abundant in the geologic record. They have been observed in terrestrial carbonates such as speleothems (Hendy, 1971 and, e.g., reviews by Fairchild et al., 2006; Lachniet, 2009; Wong and Breecker, 2015) , cryogenic cave carbonates (Clark and Lauriol, 1992; Ž ák et al., 2004 Lacelle, 2007; Kluge et al., 2014b) , travertines and calciteprecipitating streams (Gonfiantini et al., 1968; Usdowski et al., 1979; Dandurand et al., 1982; Michaelis et al., 1985; Turi, 1986; Chafetz et al., 1991) , and carbonates precipitated from alkaline solutions (O'Neil and Barnes, 1971; Létolle et al., 1990; Dietzel et al., 1992) . They are present also in some lacustrine carbonates (Herczeg and Fairbanks, 1987; Leng and Marshall, 2004) , marine calcareous species (McConnaughey, 1989a; Wefer and Berger, 1991; Spero et al., 1997; Adkins et al., 2003; Auclair et al., 2003) and microbiallyand cyanobacterially-mediated carbonates (Sass et al., 1991; Mortimer and Coleman, 1997; Portman et al., 2005; Thaler et al., 2017) .
Disequilibrium compositions may reflect isotopic fractionation during physical and biological processes, chemical reactions, and reservoir distillation (i.e., Rayleigh processes) that took place during mineral formation. Physical processes include, for example, freezing or evaporation of the aqueous solution, and diffusion of the reactants or products. Biological processes are jointly referred to as vital effects, and may arise for a variety of reasons, such as enzymatic activity and metabolism (for reviews see Erez, 2003; Weiner and Dove, 2003) . Chemical reactions lead to disequilibrium isotopic compositions when reaction rates of compounds containing the heavy and light isotopes differ (i.e., when kinetic isotope effects, or KIEs, exist).
Carbonate mineral formation in oxygen isotope equilibrium requires equilibrium precipitation of the dissolved inorganic carbon (DIC) from a solution in which the DIC is isotopically equilibrated with the water. The relevant reactions for oxygen isotope equilibration of DIC with water are: CO 2 (de)hydration (i.e., CO 2 hydration/HCO 3 À dehydration),
CO 2 (de)hydroxylation (i.e., CO 2 hydroxylation/HCO 3 À dehydroxylation),
dissociation of carbonic acid,
and dissociation of water,
Among Reactions (1)-(5), CO 2 (de)hydration and (de) hydroxylation play a major role in isotopic equilibrium and disequilibrium. First, DIC exchanges oxygen atoms with the water only through these reactions. Second, these reactions are typically the slowest in the system (Zeebe and Wolf-Gladrow, 2001 ). For instance, at (and close to) chemical equilibrium they are slower by several orders of magnitude than the next slowest reaction (Fig. 1 ). This means that CO 2 (de)hydration and (de)hydroxylation are the rate limiting reactions during oxygen isotope equilibration of DIC, and that their related KIEs are more likely to be expressed in the dissolved species than the KIEs of the other, more rapid reactions.
Disequilibrium isotopic composition of the DIC is recorded in CaCO 3 minerals if the timescale of precipitation is sufficiently short relative to that of CO 2 (de)hydration and (de)hydroxylation. Thus, a clearer understanding of the KIEs during CO 2 (de)hydration and (de)hydroxylation may lead to better interpretations of disequilibrium compositions in carbonate minerals. However, despite their significance, currently available data on KIEs during CO 2 (de) hydration and (de)hydroxylation are acknowledged to be incomplete to the degree that they hamper conclusive comparisons between theory and experiments (Zeebe, 2014) .
The study of kinetic oxygen isotope exchange between DIC and water goes back more than seventy years (Mills and Urey, 1940) , and continues to the present day (Poulton and Baldwin, 1967; Halas and Wolacewicz, 1982; McConnaughey, 1989b; Létolle et al., 1990; Usdowski and Hoefs, 1990; Macleod et al., 1991; Usdowski et al., 1991; Clark and Lauriol, 1992; Dietzel et al., 1992; Fortier, 1994; Beck et al., 2005; Guo, 2008; Uchikawa and Zeebe, 2012;  (5); forward and reverse fluxes are identical), calculated with equilibrium concentrations of the DIC species ( Fig. 1A ) and the relevant rate constants from Eigen (1964) and Pinsent et al. (1956) (for review see Zeebe and Wolf-Gladrow, 2001 ). The magnitude of the fluxes depends on the DIC concentration and speciation, salinity and temperature. KIEs during CO 2 (de)hydration and (de)hydroxylation, the slowest reactions in the system, are more likely to be expressed in the DIC. Considering the rapid rates of carbonic acid dissociation (Reactions (3) and (4)), it is reasonable to assume instantaneous isotopic equilibrium among H 2 CO 3 , HCO 3 À and CO 3 2À .
Z. Sade, I. Halevy / Geochimica et Cosmochimica Acta 214 (2017) 246-265 Affek, 2013; Zeebe, 2014; Clog et al., 2015) . However, most of these studies provide no quantitative information on the magnitude of the KIEs during CO 2 (de)hydration and (de) hydroxylation, and fewer have attempted to constrain the KIEs directly. Actually, only one out of total eight kinetic fractionations associated with these reactions (Section 2.1) has been evaluated in more than a single study. Clark and Lauriol (1992) and Guo (2008) suggested that the CO 2 formed during HCO 3 À dehydration is fractionated from the HCO 3 À reactant by +5.5 or À7.0‰, respectively. Notably, both the sign and magnitude of the KIE differ between these studies.
Part of the challenge to compare results of different studies derives from non-uniform representations of the kinetic fractionations that exist in the literature. During CO 2 (de) hydration and (de)hydroxylation, there is a dual source/ sink of oxygen isotopes (CO 2 and water/hydroxide ions), making such representations more complex than in the classical case of a single source/sink. Here we propose a theoretical framework to bridge this gap (Section 2). The framework establishes (i) definitions of the kinetic fractionation factors (KFFs), (ii) the relations between KFFs and isotopic rate constants and (iii) the relations between kinetic and equilibrium fractionations. While these relations are well known for single isotope source reactions (e.g., Mariotti et al., 1981) , it seems that they have not been presented for dual isotope source reactions. In light of this framework we revisited selected theoretical and experimental data Clark and Lauriol, 1992; Guo, 2008; Zeebe, 2014) , refined some of the previously reported KIE estimates, constrained additional KIEs that could have been, but were not extracted from the original data, and calculated the KIEs during the related reverse reactions (Section 3). We then used the extended compilation of KIE estimates to investigate their expression in natural carbonate minerals precipitated far from equilibrium from a bicarbonate solution (Section 4).
METHODS

KFF definitions
The KFF describes the fractionation of isotopes upon an instantaneous flux between a single reactant and a single product. The KFF refers to a unidirectional reaction, and as such, it describes the fractionation at the kinetic limit, where the KIE is fully expressed. Unidirectional reactions, however, are rarely met in natural and experimental conditions, as backward reactions are mostly unpreventable. When a reaction is not completely unidirectional, the net isotopic fractionation reflects the KIEs of both the forward and reverse reactions. Accordingly, for a net forward reaction, the possible range of isotopic fractionations is limited between the KFF (i.e., unidirectional) and close to the equilibrium (i.e., almost fully reversible) fractionation (DePaolo, 2011; Watkins et al., 2013; Wing and Halevy, 2014) .
Mathematically, the KFF is defined as the isotope ratio of the instantaneous flux of a reactant converted to a product (R k r!p ) relative to the isotope ratio of the bulk reactant (R r ),
Here, a k r!p refers to a KFF of the general conversion of a reactant r into a product p during a reaction proceeding by the rate constant k (i.e., r ! k p). In the rest of the paper, A unique KFF is sufficient to represent the fractionation during a single isotope source reaction. Then, the isotope ratio of the instantaneous product (R k p ) consists of a flux deriving from a single reactant (R
However, during a dual isotope source reaction (i.e., r 1 þ r 2 ! k p), two distinct fluxes determine the isotope ratio of the instantaneous product, and thus, two KFFs should be used to describe the KIE. In this case, a perfectly accurate mass balance for the rare isotopes is expressed in terms of fractional abundances (Hayes, 1982; Mook and de Vries, 2000; Zeebe, 2007) . We adopt a common approximation in which isotope ratios are used instead of fractional abundances, and which leads to the general expression
In this expression, f r 1 and f r 2 are the fractions of the atoms of interest in the product coming from r 1 and r 2 , respectively. CO 2 and water/OH À are oxygen sources during CO 2 hydration/hydroxylation or sinks during HCO 3 À dehydration/dehydroxylation (Reactions (1) and (2)). In any of these reactions, there are two distinct oxygen fluxes (i.e., eight fluxes in total), each of which may carry a unique fractionation. In accordance, we define two KFFs to describe a single KIE during every individual reaction (Table 1) . For example, in formation of bicarbonate during CO 2 hydration, oxygen derives from the CO 2 and H 2 O pools at a ratio of 2:1, respectively. Then, the isotopic composition of the instantaneously formed bicarbonate (R k þ1 HCO 3 À ) is given by:
where a
À are the KFFs of the oxygen fluxes derived from the CO 2 and H 2 O, respectively, participating in the hydration reaction to form HCO 3 À . Kinetic fractionations, unlike equilibrium fractionations, are mechanism-dependent. Thus, different reaction pathways may be associated with different magnitudes of the KFFs. During CO 2 hydration, whether HCO 3 À forms directly or via H 2 CO 3 (for a review see Zeebe and Wolf-Gladrow, 2001 ) is a topic of ongoing research. Determination of the direct reactant/product during the reaction (i.e., HCO 3 À or H 2 CO 3 ) is relevant both to the comparison between theoretical and experimental studies (Section 2.2), and to the relation of KFFs to the equilibrium fractiona-tion (Section 2.3). Our KFF definitions of CO 2 hydration regard HCO 3 À (and not H 2 CO 3 ) as the direct reactant/product during CO 2 (de)hydration. This approach may be justified both theoretically and practically. First, recent studies support a mechanism in which HCO 3 À is formed directly, and serves as an intermediate in the stepwise formation of H 2 CO 3 (Stirling and Pápai, 2010; Galib and Hanna, 2011; Wang and Cao, 2013; Zeebe, 2014) , e.g.,
where n denotes the number of water molecules involved in reaction. Second, in chemical equilibrium, dissociation of H 2 CO 3 to HCO 3 À is faster by six orders of magnitude than CO 2 (de)hydration (Fig. 1B) . It is thus reasonable to assume instantaneous isotopic equilibrium between H 2 CO 3 and HCO 3 À . Finally, treating HCO 3 À instead of H 2 CO 3 is more practical, considering the absence of constraints on equilibrium (or kinetic) isotopic fractionation between H 2 CO 3 and the other DIC species.
Following the KFF definition, in our reexamination of theoretical studies (Guo, 2008; Zeebe, 2014) we converted H 2 CO 3 -related to HCO 3 À -related KFFs (Section 2.2), and linked KFFs of CO 2 (de)hydration with equilibrium fractionations between HCO 3 À and CO 2 /H 2 O (Section 2.3). Similarly, we considered HCO 3 À as the direct reactant during dehydration in our reanalysis of the experiments of Clark and Lauriol (1992) (Section 3.2).
Links between KFFs and isotopic rate constants
The magnitude of a KIE is determined by the difference between the reaction rates of the different isotopologues. The KFF, a constant fractionation of an isotope flux between a single reactant and a single product, simply derives from its relation to the isotopic rate constants. Earlier studies have shown that KFFs of reactions with a single isotope source equal the ratio of the rate constants of the heavy to light isotopes (Bigeleisen and Wolfsberg, 1958; Mariotti et al., 1981; DePaolo, 2011; Zeebe, 2014) ,
where k 0 is the rate constant of the heavy isotope. Then, such KFFs are themselves constants.
In this section we derive the relation between KFFs and isotopic rate constants for CO 2 hydration and hydroxylation, where oxygen isotopes stem from two sources. As shown below, the relation that results from the dual source of oxygen is more complex, and involves an additional dependence on the isotope ratios of the reactants.
With Zeebe, 2014) , only a subset of isotopologues needs to be considered to explain kinetic fractionations during CO 2 (de)hydration (Guo, 2008; Zeebe, 2014) . The relevant isotopologue reactions necessary to describe 18 O fractionation, following Guo (2008) and Zeebe (2014) , are:
The composite rate constants reflect the fact that a single isotopologue may react through several pathways. (12) from right to left), and assuming an equal abundance of its isotopomers, there is a probability of 2:1 that the dehydration would result in 18 O on the CO 2 rather than on the water, yielding additional coefficients of 2/3 and 1/3 in mass balance calculations.
Notably, both Guo (2008) and Zeebe (2014) considered H 2 CO 3 as the reactant/product during CO 2 (de)hydration (Reactions (10)- (12)), and not HCO 3 À as suggested here (Section 2.1). Accordingly, we first derive the relations between the KFFs and the isotopic rate constants of CO 2 Table 1 Definition of KFFs associated with CO 2 (de)hydration (k ±1 ) and CO 2 (de)hydroxylation (k ±2 ). KFFs describe fractionation of an isotope flux between a single reactant and a single product. They are defined as the isotope ratio of the instantaneous flux of a reactant converted to a product (R k r!p ) relative to the isotope ratio of the bulk reactant (R r ). 
and the ratio of the heavy to light isotopologues then equals:
The isotope ratio of the instantaneously reacting CO 2 during CO 2 hydration ðR
Þ is: 
Comparison with Eq. (15) yields the relation between a kþ CO 2 !H 2 CO 3 and the isotopic rate constants:
Considering that the isotopic rate constants (ks) are similar in magnitude, and that the isotope ratios (R CO 2 ; R H 2 O ) are of order 0.002, Eq. (20) may be approximated by:
with an induced inaccuracy in the calculated value of less than 0.02‰ (i.e., of Eq. (21) relative to 20) for the values of k Zeebe (2014) (Fig. 2 ). In experimental and observational studies, isotopic fractionation is commonly measured between CO 2 or H 2 O and HCO 3 À , not H 2 CO 3 . To relate the KFFs for CO 2 (de)hydration with H 2 CO 3 as the product to the KFFs with HCO 3 À as the product, we note that in models of CO 2 hydration to form H 2 CO 3 , a reaction mechanism with at least four water molecules (n ! 4; Eq. (8)) is suggested to be the most likely (Zeebe, 2014) . Hydration of CO 2 to form H 2 CO 3 then proceeds through a HCO 3 À intermediate, and the KFF magnitude is governed almost entirely by this first step and not by the subsequent protonation to form H 2 CO 3 . Thus, it is reasonable to approximate a
for both practical and theoretical reasons.
The theoretically derived relationships (Table 2) show that KFFs are actually not constants when isotopes derive from two sources (e.g., during CO 2 hydration). The fractionation of one of the reacting species additionally depends on the isotope ratio of the second reactant (note that the KFFs of the reverse reactions associated with two sinks, like HCO 3 À dehydration, can still be considered constant). Thus, theoretically, the KFF may differ for reactants with different isotopic compositions, and even during the reaction's progress, as the reactants' isotopic compositions evolve. This effect arises from a shift in the proportion of the various isotopologue-specific reactions involved in total product generation. In CO 2 hydration, for example, a higher concentration of H 2 18 O implies a higher proportion of HCO 3 À generation through Reaction (12). Although the HCO 3 À generated will overall be enriched in 18 O, the flux of oxygen specifically from CO 2 to HCO 3 À will be more 
À on the exact isotopic composi- Table 2 Relations between KFFs and isotopic rate constants. The various rate constants (ks) are defined in Reactions (10)-(12). Derivations are presented in Section 2.2 and Appendix A. Similar relations hold also for CO 2 (de)hydroxylation due to the symmetry with CO 2 (de) hydration.
tions of the water and CO 2 , respectively, is only of order
À may be treated as constants for most purposes.
Links between KFFs and EFFs
In the following, we derive the relations between the KFFs of CO 2 (de)hydration and EFFs in the carbonatewater system. We show that such relations are identical in dual and single isotope source reactions. In both cases, the two KFFs of the forward and backward isotope fluxes are related to an EFF by a simple ratio.
For a reversible dual isotope source reaction (r 1 þ r 2 ¢ p), the ratio of the KFFs of the forward (k f ) and backward (k b ) reaction, which relates to one of the two reactants (r i ), is:
Given that KFFs are constants (see discussion in Section 2.2), this ratio is also constant. In isotopic equilibrium, the forward and backward isotopic fluxes are identical (i.e., R
, and the isotope ratios of all compounds are fixed. Eq. (22) reduces to:
providing the relation between the KFFs and EFFs. The complete set of links between KFFs of CO 2 (de)h ydration/(de)hydroxylation and EFFs follows the derivation above, and is presented in Table 3 . These links allow calculation of one of the factors when the other two are known.
RESULTS
With the framework developed in Section 2 we revisited published data to place new constraints on KIEs during CO 2 (de)hydration and (de)hydroxylation. We reexamined the theoretical studies by Guo (2008) and Zeebe (2014) , and the experimental works by Clark and Lauriol (1992) and . Importantly, while any of these studies provided information capable of constraining one or two KFFs, this information was not always used to explicitly estimate KFF magnitudes. Additionally, even when KFFs were explicitly estimated for a reaction in one direction, they were not linked to KFFs in the reverse direction of the studied reaction. Thus, some KFFs remained completely unconstrained, whereas comparison among the results of studies targeting the other KFFs was not possible. We used the framework developed above to place new constraints on some of the KFFs, and relate KFFs directly determined by the reexamination of theoretical and experimental data to KFFs in the reverse direction of the studied reactions. The outcome is a complete and internally consistent set of all of the KFFs of CO 2 (de)hydration and (de)hydroxylation, which is presented in Zeebe (2014) for n = 4 (Table 4) (20) and (21), solved for water with an isotopic composition of 0 ± 50‰ VSMOW, and CO 2(aq) in isotopic equilibrium with that water (the latter is relevant only in Eq. (20)). In this range, the value of the KFF changes by 0.2‰. The approximation given in Eq. (21) differs by $0.02‰ from the accurate Eq. (20), irrespective of whether CO 2 was in equilibrium with the water or far from equilibrium. Dropping the term, which is related to R H2O , out of the equation (i.e., a kþ1 CO 2 !HCO 3 Table 2 , solved for water with an isotopic composition of 0 ± 50‰ VSMOW, and CO 2(aq) in isotopic equilibrium with that water. In this range, the value of the KFF changes by 0.4‰. Dropping the term, which is related to R CO2 , out of the
, results in a discrepancy of $4‰ relative to the accurate value. Table 3 Relations between KFFs and EFFs.
Revisiting theoretical data
Guo (2008) and Zeebe (2014) performed ab initio calculations to evaluate isotopic rate constants and related fractionations. In this section, we calculate the two KFFs associated with each of the reactions in these studies, using the relations we derived between the isotopic rate constants and the KFFs (Table 2) . We then calculate the KFFs in the reverse direction of the studied reactions, using the relations we derived between the KFFs and EFFs (Table 3) . EFF values were taken from Thornton (1962) , Green and Taube (1963) and Beck et al. (2005) (see values in Appendix B), and the results are shown in Table 6 . Zeebe (2014) calculated the isotopic rate constants for hydration of CO 2 to form H 2 CO 3 , considering a variable number of water molecules involved in the reaction (1 n 8). To describe the magnitude of the kinetic fractionations, Zeebe (2014) related the isotopic rate constants to a single, overall fractionation factor for each value of n. This factor refers to the fractionation between the instantaneously formed H 2 CO 3 and a CO 2 reactant at isotopic equilibrium with the water. That is, Zeebe (2014) combined the fractionation of the two isotopic fluxes, from the CO 2 and the water, into a composite fractionation factor, which describes the fractionation only close to isotopic equilibrium. In this study we represent the fractionation of any individual reaction of CO 2 (de)hydration and (de)hydroxylation with two KFFs (relative to the CO 2 and the water) instead of one composite fractionation factor (see Section 2.1). This approach allows prediction of fractionations in a system far from equilibrium (i.e., CO 2 not in equilibrium with the water, as assumed in Zeebe, 2014) . Furthermore, this approach retains additional information about the isotopic composition of the residual reactants (which may not be retrieved with a single factor). Finally, this approach allows straightforward comparison between the (de)hydration KFFs of Guo (2008) and Zeebe (2014) , as well as those extracted from published experimental results.
Using the isotopic rate constants for n ! 4, suggested to be the more likely reaction mechanism (Zeebe, 2014) , assigning an isotopic composition of VSMOW to the water, prescribing CO 2 in equilibrium with the water, and representing the fractionation by two KFFs rather than a composite fractionation factor, we calculated a fractionation of oxygen fluxes deriving from the reacting CO 2 and water to form HCO 3 À of À8.2 to À6.3‰ and À4.1 to +5.4‰, respectively (Table 4 ). The sensitivity of the results to our choice of water and CO 2 isotopic compositions is shown in Fig. 2 (Fig. 2C) . Notably, for the ranges of CO 2 and water d
18 O values explored in this calculation, neglect of the dependence of the KFFs on the isotopic composition of the water and CO 2 (i.e., a
induces an error of $2‰ Guo (2008) found that the instantaneously formed CO 2 and OH À are fractionated from the HCO 3 À reactant by +12.6 and À75.2‰, respectively (Table 5) . During H 2 CO 3 dehydration, the formed CO 2 and H 2 O are fractionated from the H 2 CO 3 by À7.0 and À13.1‰, respectively (Table 5) . Guo (2008) expressed the fractionations of H 2 CO 3 dehydration relative to a HCO 3 À reactant by assuming instantaneous isotopic equilibrium between H 2 CO 3 and HCO 3 À and a DIC reservoir dominated by HCO 3 À , with negligible H 2 CO 3 . Under such conditions any kinetic fractionation of the H 2 CO 3 reactant is quantitatively transferred to HCO 3 À . The second of these assumptions holds at $5 < pH < $9, but may be more gen- Table 4 KFFs of CO 2 hydration calculated by their relations to isotopic rate constants (Table 2) , following the values of isotopic rate constants reported in Zeebe (2014) for n ! 4, water with an isotopic composition of VSMOW and CO 2 in equilibrium with the water. Table 5 Isotopic rate constants and KFFs of HCO 3 À dehydration and dehydroxylation as reported in Guo (2008) , using the relations presented in Table 2 . Note that for rate constants of dehydroxylation we used identical notations to those of dehydration, due to the symmetry between these reactions. 
and the KFFs of CO 2 formation from HCO 3 À and H 2 CO 3 (irrespective of the exact mechanism) are related by the equilibrium fractionation:
In ] ($5 < pH < $9; Fig. 1A ).
Experimental constraints on dehydration KIEs
In order to investigate the large kinetic fractionations observed in fine-grained cryogenic cave carbonates (CCC fine ), Clark and Lauriol (1992) performed experiments in which they rapidly froze calcium bicarbonate solutions. Freezing the solutions increased the saturation degree of CaCO 3 in two ways: First, by direct increase of the concentrations of Ca 2+ and DIC, and second, by CO 2 degassing, which increased the pH and the relative fraction of CO 3 2À . The overall reaction (Clark and Lauriol, 1992) ,
which consists of HCO 3 À dehydration and calcite precipitation, progressed to completion nearly at the kinetic limit, i.e., as a quantitative reaction with respect to the DIC and with negligible backward fluxes (total reaction time <1 min).
Under an assumption of negligible fractionation during precipitation, Clark and Lauriol (1992) ) from the difference in the isotopic compositions of the accumulated CO 2(g) and CaCO 3 . Below, we use modified Rayleigh equations, which were not presented in the original paper, to update their estimate of D
with updated values of the fractionation during CaCO 3 precipitation (Kim et al., 2006; Watkins et al., 2014) and to constrain the second KFF (D
À !H 2 O ) from the same data set.
The oxygen isotope ratio of the residual bicarbonate reactant is given by (Mook and de Vries, 2000) :
In this expression f describes the reaction's progress, referring to the fraction of the residual reactant ( 
with coefficients corresponding to the stoichiometry of oxygen atom transfer from the bicarbonate to the products (half to calcite and half to dehydration, two thirds of which end up in CO 2 and one third in water). Note that KIEs during CO 2 degassing were not considered, because given negligible back reactions of the aqueous CO 2 , they are not expected to be expressed in the residual bicarbonate. The isotope ratios of the various accumulated products during the reaction progress are given by (Salomons and Mook, 1986) :
Eqs. (29)- (31) are distinct from classical Rayleigh equations by an additional coefficient, a k /a T , which is necessary to describe isotope distillation in reactions with one reacting reservoir but several sinks. Note that Eq. (30) represents the isotope ratio of the accumulated water formed during HCO 3 À dehydration (R H 2 O Ã ), and not that of the bulk water (R H 2 O ), which may be considered constant.
In quantitative reactions with several sinks, as in the case discussed here, an isotopic mass balance of all products yields the isotopic composition of the initial reactant, but each of the products in separation may be isotopically fractionated from the initial reactant. The form of Eqs. (29)-(31) in d notation for a quantitative reaction may be approximated by taking their natural logarithm for f = 0,
The left hand sides of these equations contain four isotopic compositions of the reactant and products, which may be evaluated with varying degree of uncertainty from the reported data set. Clark and Lauriol (1992) by assuming isotopic equilibrium between the initial bicarbonate pool and water (using equilibrium fractionations from Beck et al., 2005) , considering the relatively short equilibration time required ($2 h at the measured pH of 7.5 and the approximated T of 22 ± 2°C
; Usdowski et al., 1991) , and assuming such a delay between the preparation of the solution and the experiment onset. We approximated d H 2 O Ã using the requirement for isotopic mass balance (i.e., the initial isotope ratio of the HCO 3 À is equal to the weighted isotope ratios of the products),
With the measured and estimated isotopic compositions, there are several ways to solve the set of three Eqs. (32)- (34) for the two unknown KFFs of HCO 3 À dehydration (both of which appear in D T in addition to appearing explicitly in Eqs. (32) and (33) Clark and Lauriol (1992) ,
Thus, given the measured isotopic compositions and some value of D Clark and Lauriol (1992) . In recent work, Watkins et al. (2014) used an ion-by-ion model to interpret disequilibrium oxygen isotope compositions in calcite precipitated experimentally from DIC in equilibrium with the water. They estimated that the KIEs during CO 3 2À and HCO 3 2À attachment to calcite are À2.0 and À3.6‰, respectively. Clark and Lauriol (1992) reported cryogenic calcite precipitation, but did not positively identify the mineralogy. Notably, cryogenic precipitation may produce CaCO 3 polymorphs other than calcite, like vaterite, ikaite and monohydrocalcite (e.g., Ž ák et al., 2008). Precipitation of different carbonate phases may be associated with a distinct KIE magnitude, which may be preserved even upon transformation to a thermodynamically stable polymorph, depending on the conditions of the transformation. In our reanalysis of the data from the study of Clark and Lauriol (1992) , we assumed calcite precipitation, used the HCO 3 À -CaCO 3 Table 6 Compilation of KIE estimates (D = 1000lna, all in ‰) during CO 2 (de)hydration and (de)hydroxylation. Values in bold denote contributions from this study. Regular font denotes KFFs reported directly in the cited references. [1] Clark and Lauriol (1992) .
[2] Guo (2008) .
[3] Zeebe (2014).
[4] . a Calculated by the link between KFFs and EFFs (Table 3 ) from the corresponding KFFs in the same row. EFFs were taken from the studies of Beck et al. (2005) , Green and Taube (1963) and Thornton (1962) . See Table B .1 for the EFF values.
* Common practice refers to assumption of negligible KIEs during CO 2 hydroxylation (Usdowski et al., 1991; Dietzel et al., 1992; Rollion-Bard et al., 2003; Falk et al., 2016 
Experimental constraints on hydroxylation KIEs
Clark et al. (1992) performed experiments to investigate the large kinetic fractionations observed in travertines precipitated from alkaline waters. They dissolved gaseous CO 2 in BaCl 2 -NaOH solutions at pH 12.8, in a closed system of five bottles connected in series. The experiment ran for 72 minutes under steady-state conditions, where the gas constantly flowing into the system was gradually dissolved to completion as it sequentially passed through the five bottles. The CO 3 2À formed following CO 2(aq) hydroxylation and HCO 3 À deprotonation, precipitated rapidly and quantitatively as witherite (BaCO 3 ). Negligible dehydroxylation fluxes in such conditions allow writing the isotopic composition of the witherite precipitated in each of the bottles as:
KIEs during precipitation were not expressed due to quantitative precipitation of the CO 3
2À
. calculated that hydroxylation proceeded at a rate slower by at least one order of magnitude than the gas exchange fluxes. This allows sufficient gaseous-aqueous CO 2 exchange that the steady-state concentration and isotopic composition of the aqueous CO 2 are in equilibrium with the gas phase . Considering CO 2(g) -CO 2(aq) isotopic equilibrium, showed that the mass balance equation for this bottle may be satisfied given negligi- 
) became the common practice, and has been used to explain observations and interpret data (Usdowski et al., 1991; Dietzel et al., 1992; Rollion-Bard et al., 2003; Falk et al., 2016) .
In order to test the hypothesis that these KIEs are indeed minor, and not just circumstantially cancelled each other out, we further examined the data of . First, we used the combined accumulated BaCO 3 precipitates from all five bottles to constrain D
À . By the last bottle, 99.98% of the gas was consumed , and the isotopic composition of the BaCO 3 pooled from all of the bottles (d All BaCO 3 ) should, therefore, represent quantitative precipitation. The d 13 C All BaCO 3 value was lower by 1.3‰ than that of the gas source, suggesting close but imperfect isotopic mass balance. Assuming quantitative reaction of the CO 2 and no exchange of oxygen isotopes between the DIC and water other than during the rapid hydroxylation itself (i.e., negligible dehydroxylation), the isotopic composition of the total oxygen flux from the CO 2 to the BaCO 3 is identical to that of the gas source. As the remaining oxygen comes from the OH À , the d 18 O All BaCO 3 value then recorded only one of the two KIEs during CO 2 hydroxylation,
We solved Eq. (38) for D
À , resulting in a value of 0.5 ± 3.0‰.
Then, from mass balance in the first bottle in the series, where isotopic equilibrium between aqueous and gaseous CO 2 could be assumed ,
we constrained the second KFF, D k þ2 CO 2 !HCO 3 À , to be À1.7 ± 3.0‰.
In our calculations, we assigned the equilibrium fractionation between gaseous and aqueous CO 2 by Brenninkmeijer et al. (1983) and Beck et al. (2005) , and linearly interpolated the value for D eq OH À -H 2 O to 22°C from the values reported for 15°C (Green and Taube, 1963) and 25°C (Thornton, 1962) (Green and Taube, 1963) . To test the underlying assumption of isotopic equilibrium between water and hydroxide, we compared in each of the bottles the average hydroxylation rates with the water dissociation rates. We roughly approximated the hydroxylation rate by the average precipitation rate, yielding hydroxylation rates that are smaller than the water dissociation rates by at least two orders of magnitude, justifying the assumption of equilibrium.
DISCUSSION
Theoretical vs. experimental KFFs
The extended compilation of KIEs during CO 2 (de)hydration and (de)hydroxylation allows a comparison between theory and experiments ( Table 6 ). The HCO 3 À -CO 2 KFFs during CO 2 (de)hydration, as constrained by a reexamination of the experimental data of Clark and Lauriol (1992) , are identical within uncertainty to the estimates of these KFFs based on the theoretical isotopic rate constants from Zeebe (2014) for any n, but differ from those based on the calculations of Guo (2008) by $9‰. In contrast, the theoretical and experimental HCO 3 À -H 2 O KFFs during CO 2 (de)hydration disagree in sign in all cases (compare row 2 with rows 3-7 in columns 2 and 4 of Table 6), except for the n = 8b reaction mechanism (compare row 2 with row 8 in columns 2 and 4 of Table 6 ). We do not take this as support for the n = 8b reaction mechanism, however, as the theoretical estimate of the carbon KFF for n = 8b (Zeebe, 2014) differs from the KFF derived from the experimental carbon isotope data of Clark and Lauriol (1992) by $10‰. By comparison, all of the other theoretical estimates of the carbon KFF, including that of Guo (2008) , but excluding that of Zeebe (2014) for n = 4(2), which deviates from the rest by $20‰, are in better agreement with the experimental carbon KFF estimate, sometimes indistinguishable within error (Table 7) . Instead, the disagreement between theoretical and experimental HCO 3 À -H 2 O oxygen isotope fractionation is probably due to the large uncertainty on the experimental KFF. As mentioned above, most of this uncertainty is due to formal propagation of an uncertainty of $1.3‰ in the isotopic compositions of the CO 2 and CaCO 3 measured in the experiments of Clark and Lauriol (1992) . In summary, excluding HCO 3 À -H 2 O KFFs from the comparison due to large uncertainty in the experimental values, we find the theoretical estimates of the HCO 3 À -CO 2 KFFs based on the calculated isotopic rate constants of Zeebe (2014) for n = 4(1), 5, 6 and 8a in very good agreement with the experimental estimates based on the data of Clark and Lauriol (1992) both for carbon and oxygen.
Better agreement between the experimental and theoretical estimates of the KFFs during CO 2 (de)hydration is achieved by considering the temperatures at which these KFFs were determined (0 and 25°C for the experimental and theoretical estimates, respectively). According to Guo (2008) , the carbon and oxygen KFFs of HCO 3 À dehydration change by 2.8 and $1‰ between 0 and 25°C, respectively. Zeebe (2014) calculated a minor temperature dependence of the carbon KIE during CO 2 hydration, as a function of n, suggesting a maximum change of 1.8‰ between 0 and 25°C (for n = 8b). Although Zeebe (2014) did not constrain the temperature dependence of the oxygen KIEs, in the following discussion we assume that the oxygen KIEs during hydration display an insensitivity to temperature similar to carbon. We note that insensitivity to temperature was suggested, also for carbon and oxygen KIEs during attachment of DIC species to calcite (Watkins and Hunt, 2015) , and during precipitation of cations like Ca 2+ in calcite and Zn 2+ and Fe 2+ in chlorides (e.g., see review by Watkins et al., 2017) .
It is impossible for both the forward and reverse KIEs to be insensitive to temperature when the equilibrium fractionation is itself temperature-dependent (cf. Table 3 ). Our choice of insensitivity to temperature for CO 2 hydration, following Zeebe (2014) , rather than for HCO 3 À dehydration, Table 7 Carbon KFFs of CO 2 (de)hydration as reported in Clark and Lauriol (1992) , Guo (2008) and Zeebe (2014) . following Guo (2008) , is mainly due to the focus here on the theoretical results of Zeebe (2014) , which are in better agreement with the experimental estimates. Consequently, the temperature dependence of the KFFs of CO 2 dehydration should reflect the temperature dependence of the EFFs. According to Beck et al. (2005) À !H 2 O of À39.0 ± 6.4‰ at 25°C (compare to À44.6 ± 6.4‰ at 0°C), which is in closer agreement with the KFFs derived from the isotopic rate constants calculated by Zeebe (2014) at 25°C ( Table 6 ).
The reexamined experimental KFFs of CO 2 (de)hydroxylation agree well with the assumption of negligible KIEs during hydroxylation (i.e., common practice in Table 6 ; Usdowski et al., 1991; Dietzel et al., 1992; Rollion-Bard et al., 2003; Falk et al., 2016) , but even at the edge of the range of uncertainty differ by up to $4‰ from the theoretical values calculated by Guo (2008) . Uncertainty on the experimental estimates may be reduced with better constraints on the equilibrium fractionation between hydroxide ions and water.
Precipitation from a bicarbonate solution at the kinetic limit
In general, the possible range of isotopic fractionation is bounded between equilibrium and kinetic limits. KFFs are a direct measure of fractionation at the kinetic limit, but they are essential also to the description of any disequilibrium fractionation over the entire range between the equilibrium and kinetic limits. Thus, knowledge of the KFFs of CO 2 (de)hydration and (de)hydroxylation is important for understanding any isotopic composition associated with disequilibrium between the DIC and water. Notably, preservation of such kinetic fractionations in the geologic record must involve carbonate mineral precipitation at the time that the fractionations were expressed. One such example is the rapid precipitation of CaCO 3 from bicarbonate solutions, during which it is expected that KIEs of HCO 3 À dehydration be recorded. In Fig. 3 , we illustrate carbon and oxygen isotope evolution during CaCO 3 precipitation from a bicarbonate solution (reaction 26) at the kinetic limit. We solved Eqs. (27)- (31), using the KFFs of dehydration presented in Tables 6  and 7 and the KFFs of precipitation by Watkins and Hunt (2015) À !calcite = À3.6‰), which were assumed to be insensitive to temperature. For carbon we used the total fractionation of the instantaneous flux from HCO 3 À to the two products, CO 2 and calcite, 13 a T (by analogy to 18 a T ): Fig. 3 . Expected carbon and oxygen isotope evolution during CaCO 3 precipitation from a bicarbonate solution at the kinetic limit (Eqs. (27)- (31)). (A) d
18
O values in all of the system components, calculated with experimental KFFs of dehydration (Table 6 ; this study after Clark and Lauriol, 1992) . The KFF of HCO 3 À precipitation is from Watkins et al. (2014) . The inset zooms in on d
O values in the accumulated calcite only, given different experimental and theoretical KFFs of HCO 3 À dehydration, at 0 and 25°C, respectively (Table 6 ). (B) d
13
C values in all of the system components, calculated with an experimental KFF of dehydration by Clark and Lauriol (1992) . The KFF of HCO 3 À precipitation is from Watkins and Hunt (2015) . The inset zooms in on d 13 C values in the accumulated calcite only, given different experimental and theoretical KFFs of HCO 3 À dehydration, at 0 and 25°C, respectively (Table 7 , excluding n = 4(2)). Note that the plotted range of uncertainty for KFFs based on the isotopic rate constants of Zeebe (2014) is due to a single outlier of the n = 8b reaction mechanism.
Dissolution of calcite and rehydration of CO 2(aq) were assumed not to occur (i.e., the coupled dehydration and precipitation reaction is unidirectional). Thus, the pool of CO 2 affects neither the isotope ratio of the residual HCO 3 À nor that of the calcite product. In practice, to approach quantitative consumption of the bicarbonate, CO 2(aq) has to degas so precipitation can proceed. Otherwise, the pH becomes too low, and the solution becomes undersaturated with respect to CaCO 3 . Thus, in Fig. 3 the isotopic composition of the CO 2 represents the combined composition of the aqueous and gaseous phases, and we do not explicitly treat isotopic fractionation due to CO 2 degassing. We prescribed an arbitrary isotopic composition to the initial HCO 3 À (marked by gray horizontal lines). In accordance with mass balance requirements, this initial isotopic composition equals that of the weighted sum of the residual HCO 3 -À and its products throughout the reaction.
The inset in Fig. 3A shows the sensitivity of d 18 O value of the initial calcite is identical in all scenarios, and equals À3.6‰, equal to the KIE during HCO 3 À precipitation (Watkins et al., 2014) . As an increasing fraction of the HCO 3 À partly precipitates and partly dehydrates and degasses, so the uncertainty on the isotopic composition of the residual HCO 3 À increases, in response to uncertainty on the KFFs of dehydration. As the reaction progresses to completion, the possible d Interestingly, despite significantly different theoretical estimates by Guo (2008) and Zeebe (2014) of both of the oxygen KFFs of dehydration (Table 6) , their calcite distillation curves overlap (Fig. 3A inset) . This is because the evolving isotopic composition of the calcite depends on the total fractionation of the HCO 3 À reactant, a T , which is a stoichiometrically-weighted average of the individual KFFs (Eq. (28)). Incidentally, despite very different estimates of the individual KFFs in the two theoretical studies, a T after Guo (2008) (D T = À6.3‰ at 25°C; Table 8 ) turns out to be similar to a T after Zeebe (2014) (D T = À6.5 to À5.3‰ at 25°C), and both are distinct from a T evaluated here from the reexamined experimental results of Clark and Lauriol (1992) (D T = À8.5 ± 1.6‰ at 0°C). However, the difference between fractionations based on theory and experiments is eliminated, when the experimental results are corrected to the temperature of the theoretical calculations (25°C, not shown in Fig. 3 Clark and Lauriol (1992) becomes identical within error to the theoretical estimates (D T = À7.6 ± 1.6‰ at 25°C).
Carbon isotope variation during the unidirectional distillation reaction is larger than oxygen isotope variation (Fig. 3B ), in accordance with a larger total fractionation of the HCO 3 À reactant. The value of 13 D T ranges between À16.0 and À14.8‰ for most of the KFF estimates, except two:
13 D T for n = 4(2) and 8b (Zeebe, 2014) equals À5.2 and À20.4‰, respectively (Table 8) . We consider n = 4(2) to be an outlier, and did not plot the isotopic distillation curve associated with this value of 13 D T . The isotopic distillation of quantitative precipitation and dehydration results in a range of carbon isotope fractionations of 15-20‰ between the first and total pooled CaCO 3 product, and a range of oxygen isotope fractionations of 5-10‰.
The evolving isotopic composition of the cumulative products of coupled HCO 3 À dehydration and CaCO 3 precipitation (CaCO 3 , CO 2 and H 2 O) is usually not observable in natural environments. Instead, this process typically leaves behind only the cumulative CaCO 3 , for a series of arbitrary residual HCO 3 À fractions. A potential process fingerprint is the covariation of d 13 C and d
18
O values in the CaCO 3 . Related points in d 13 C-d 18 O space define a straight line, the slope of which depends on the reactions' distance from equilibrium (i.e., on the associated isotope fractionations). Notably, a near-straight line emerges when the magnitudes of carbon and oxygen isotope fractionation are comparable. When extreme differences exist between kinetic isotope fractionations of two elements, data points may fall on a curved line.
At the kinetic limit, the slope of a straight line through the calculated d 13 C-d 18 O data (R 2 ffi 0.99999) may be approximated by the ratio between differences of the isotopic compositions in calcite accumulated during the quantitative reaction (d Zeebe (2014) and in the first precipitate (d
Eq. (41) is a very good approximation when the isotopic composition of the initial bicarbonate is close to 0‰ (Fig. 3) (Guo, 2008; Zeebe, 2014) , ranges between 2.3 and 3.1.
We note that the range of expected theoreticalexperimental d 13 C/d 18 O slopes described above is not unique for kinetic-limit precipitation coupled to dehydration. Similar slopes are observed also in CaCO 3 formed by other mechanisms. For example, in deep-sea corals, where disequilibrium may exist but CO 2 hydration/hydroxylation instead of HCO 3 À dehydration play a major role, slopes of 1.9-2.6 were observed (McConnaughey, 1989a (McConnaughey, , 1989b Adkins et al., 2003) . In another example, carbonates in the martian meteorite Allan Hills 84001, which are suggested to have formed by slow evaporation of a subsurface solution, coupled to diffusive loss of CO 2 and water vapor in equilibrium with the solution, define a d
C/d
18 O slope of 1.7 (Halevy et al., 2011 
KIEs during natural cryogenic calcite precipitation
Below we compare expectations of carbon and oxygen fractionations in calcite precipitated from bicarbonate solutions at the kinetic limit and 0°C with observations of natural fine-grained cryogenic cave carbonates (CCC fine ). For the former, we modified the theoretical estimates of the d 13 C/d 18 O slope, which were shown earlier for 25°C, to make them suitable for 0°C ( Table 9 ). The comparison may test either the validity of the KFF estimates or the assumption that CCC fine precipitates close to the kinetic limit (for reviews on CCC see Lacelle, 2007; Ž ák et al., 2008) . During cryogenic precipitation, the faster the water freezes (at colder temperatures), and the faster the CO 2 degases (in thinner solution layers), the faster the precipitation proceeds, and the closer the fractionations are to the Clark and Lauriol (1992) and the temperature sensitivity reported in Guo (2008) . KFF values of CO 2 dehydration based on the isotopic rate constants from Zeebe (2014) were calculated by assuming insensitivity to temperature of the hydration KFFs (thus, the originally reported values for 25°C apply also to 0°C), and using the relevant EFFs at 0°C ( À dehydration. Such samples likely form from a similar source solution, which rapidly freezes as it flows over the ice stalagmite, increasing the rates of CO 2 degassing and CaCO 3 precipitation towards the kinetic limit.
None of the compiled data sets represents the ideal conditions described above, though some come close. Samples of CCC fine from the Koda Cave (Ž ák et al., 2010) were collected from stalactites located only few meters from the cave entrance, suggesting formation at the lowest temperatures, closest to the kinetic limit. Despite the favorable conditions, the CCC fine were sampled from several stalactites and were formed at different times over a period of three months (the winter of 2009-2010), leading to uncertainty regarding spatial and temporal variability of the source solution. Nevertheless, the observed slope of 1.9 agrees well with the experimental slope of 1.8 (Tables 9 and 10 , Fig. 4 ). Another interesting data set is that from Lusk Cave, where the circulation of groundwater and surface water through the cave was suggested to preclude accumulation of cryogenic calcite powders over multiple seasons (Clark and Lauriol, 1992) . This means that samples collected at any given time represent a limited accumulation period, thereby minimizing variability due to temporal variation in the isotopic composition of the initial water and DIC. Though samples from Lusk Cave were collected at different times (February, October and December 1990) and from different locations within the cave, the observed slope of 1.6 is close to the experimental slope of 1.8. The highest slope of 2.5 was retrieved from CCC fine in Borţig Cave, Romania. This value is in accordance with the range of theoretical estimates, 2.4-2.9 (excluding the outlier of n = 4(2)), and close to the upper limit of uncertainty on the experimental estimate, 2.3.
There are several data sets that seem distinctly unsuited for the purpose of testing the d 13 C/d 18 O fingerprint of coupled CaCO 3 precipitation and HCO 3 À dehydration at the kinetic limit. Spö tl (2008) collected CCC fine from distinctive (mm to a few cm) layers within the ice at Eisriesenwelt Cave (slope 1.0). The author interpreted these layers as accumulations of wind-blown CCC fine within the cave, suggesting a variety of sources, not necessarily precipitated at the kinetic limit and certainly representing different initial isotopic compositions. Large accumulations of CCC fine , up to ten cm thick, were observed over the cave floor and ice surfaces in Grande Caverne Glacée (slope 0.1; Clark and Lauriol, 1992) . The mode of CCC fine precipitation and sedimentation suggests that such thick accumulations represent several cycles of ice formation and melting/sublimation, mixing CCC fine formed at different times, and probably from different source solutions. Uncertainty regarding spatial and temporal variability of the bicarbonate source solution is related to some degree also with the rest of the data sets from Romania, Slovakia (Ž ák et al., 2004, 2008, 2012) and Caverne de l'Ours in France (Lacelle et al., 2009 (Table 9 ), in comparison with CCC fine measurements (Fig. 4A) . Note that both expected and CCC fine trends were adjusted to initiate at the origin. slope of the CCC fine from all sites, excluding the data sets of Eisriesenwelt and Grande Caverne Glacée, equals 1.6 ± 0.6. This value is in good agreement with the expected experimental slope at the kinetic limit (1.5-2.3).
CONCLUSIONS
We developed a framework suitable for quantitative analysis of oxygen KIEs during CO 2 (de)hydration and (de)hydroxylation. The mathematical treatment of KIEs in these dual source/sink reactions (with respect to oxygen) differs in subtle but important ways from the more common treatment of single source/sink reactions. First, two KFFs, instead of one, should be used to represent kinetic fractionations in any of the individual reactions. Second, the relations between KFFs of CO 2 hydration/hydroxylation and isotopic rate constants bear additional dependence on the isotopic composition of the reactants. Relations between KFFs and EFFs, however, are similar to those of single source reactions.
With a clearer understanding of the isotopic nature of dual source/sink reactions, we revisited literature data to provide new constraints on KIEs during CO 2 (de)hydration and (de)hydroxylation (Table 6 ). Experimental estimates of oxygen KIEs during CO 2 (de)hydroxylation suggest negligible fractionation from both the reacting CO 2 and OH À during hydroxylation, in reasonable but imperfect agreement with theoretical estimates. Theoretical and experimental estimates of kinetic fractionations of both carbon and oxygen isotopes during CO 2 (de)hydration also mostly agree well. The kinetic fractionation between CO 2 and HCO 3 À during CO 2 (de)hydration is well constrained: The experimental estimate suggests that the ''instantaneously" formed CO 2 during dehydration is fractionated by 1.9 ± 1.8‰ from the HCO 3 À reactant, identical within uncertainty to recent theoretical estimates, even though the experimental KFFs of dehydration derive from experiments in which calcite precipitated quasi-instantaneously (near, but not exactly at the kinetic limit).
Larger uncertainty is associated with the estimate of the kinetic fractionation between H 2 O and HCO 3 À during (de) hydration. The experimental estimate suggests that water formed during dehydration is more depleted in 18 O than the HCO 3 À by 44.6 ± 6.4‰. The theoretical estimates of the kinetic H 2 O-HCO 3 À fractionation cover a wide range of 13.8-40.7‰ (at the same temperature of 0°C). However, this theoretical range may be reduced to a more likely range of 31.2-34.5‰, considering estimates by Zeebe (2014) for n = 4(1), 5, 6 and 8a, which yield the best agreement with experimental estimates of the carbon and oxygen HCO 3 À -CO 2 KFFs. Thus, the range of theoretical estimates of the H 2 O-HCO 3 À fractionation does not overlap with the range of uncertainty on the experimental estimate.
The O slope in calcite precipitated at the kinetic limit and 0°C from a bicarbonate solution, calculated using the experimentally constrained KFFs of dehydration, is 1:8 þ0:5 À0:3 , which is less than the range of slopes calculated using the theoretical KFFs, 2.4-2.9. Covariation of carbon and oxygen isotopes in CCC fine , which is presumed to form close to such conditions, generally reflects the experimental trend. The d 13 C/d 18 O slopes measured in CCC fine from seven caves average 1.6 ± 0.6. However, the available CCC fine data are not ideal for such a comparison, due to temporal and spatial variability of the CaCO 3 sampled at each cave site. That is, not all measurements of a single site necessarily represent precipitation (nearly) at the kinetic limit and/or from similar DIC solutions. Future sampling of CCC fine from sections along the flow over ice stalagmites near a cave entrance may produce more internally consistent data, improve the comparison, and yield constraints on KIEs during HCO 3 À dehydration (and precipitation) from natural rather than synthetic carbonates.
We note that a treatment of clumped isotope compositions of synthetic and natural carbonates similar to the one adopted here may constrain KFFs of multiply substituted species, though the existing data do not presently permit such a treatment. Determination of clumped isotope KFFs may also help to resolve a similarity in d 13 C/d 18 O slopes among several natural carbonate data sets, which formed by very different processes and at variable departure from equilibrium. 
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Comparison with Eq. (A.9) yields the relation between a kÀ H 2 CO 3 !CO 2 and the isotopic rate constants:
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